We have assessed the sensitivity of the operational Ozone Monitoring Instrument (OMI) ozone profile retrieval algorithm to a number of a priori and radiative transfer assumptions. We studied the effect of stray light correction, surface albedo assumptions and a priori ozone profiles on the retrieved ozone profile. Then, we studied how to modify the algorithm to improve the retrieval of tropospheric ozone. We found that stray light corrections have a significant effect on the retrieved ozone profile but mainly at high altitudes. Surface albedo assumptions, on the other hand, have the largest impact at the lowest layers. Choice of an ozone profile climatology which is used as a priori information has small effects on the retrievals at all altitudes. However, the usage of climatological a priori covariance matrix has a significant effect. Based on these sensitivity tests, we made several modifications to the retrieval algorithm: the a priori ozone climatology was replaced with a new tropopause-dependent climatology, the a priori covariance matrix was calculated from the climatological ozone variability values, and the surface albedo was assumed to be linearly dependent on wavelength in the 311.5-330 nm channel. As expected, we found that the a priori covariance matrix basically defines the vertical distribution of degrees of freedom for a retrieval. Moreover, our case study over Europe showed that the modified version produced over 10 % smaller ozone abundances in the troposphere which reduced the systematic overestimation of ozone in the retrieval algorithm and improved correspondence with Infrared Atmospheric Sounding Instrument (IASI) retrievals. The comparison with ozonesonde measurements over North America showed that the operational retrieval performed better in the upper troposphere/lower stratosphere (UTLS), whereas the modified version improved the retrievals in the lower troposphere and upper stratosphere. These comparisons showed that the systematic biases in the OMI ozone profile retrievals are not caused by the a priori information but by some still unidentified problem in the radiative transfer modelling. Instead, the a priori information pushes the systematically wrong ozone profiles towards the true values. The smaller weight of the a priori information in the modified retrieval leads to better visibility of tropospheric ozone structures, because it has a smaller tendency to damp the variability of the retrievals in the troposphere. In summary, the modified retrieval unmasks systematic problems in the radiative transfer/instrument model and is more sensitive to tropospheric ozone variation; that is, it is able to capture the tropospheric ozone morphology better.
Introduction
Atmospheric ozone occurs both in the stratosphere and the troposphere. In the stratosphere, ozone acts as a shield that protects the surface from energetic ultraviolet radiation. Tropospheric ozone, on the other hand, is a greenhouse gas that warms the atmosphere (Forster and Shine, 1997) . Moreover, at ground level it is a pollutant and it causes respiratory problems in humans and damages crops. Tropospheric ozone is a short-lived species when compared with transport times (22 days in the troposphere), and therefore inhomogeneously mixed. A large fraction of the precursors of tropo-spheric ozone are emitted from anthropogenic sources (Shindell et al., 2006) . In order to understand the ozone-related physical and chemical processes in the atmosphere, global measurements of vertical ozone profiles are essential. Consequently, the total ozone column and ozone profiles have been monitored with spaceborne instruments since the late 1970s. Over the years, several methods have been developed for ozone monitoring: instruments use either limb or nadir viewing geometries and spectral regions range from ultraviolet to microwave. Limb emission and occultation instruments have good vertical resolution but their horizontal resolution is limited and they are not able to detect ozone in the lower troposphere. Microwave and thermal infrared (TIR) measurements can be done during night and day whereas ultraviolet measurements are limited to daytime. However, nadir UV and TIR measurements have much better horizontal resolution than the other methods. As part of this line of instruments the Ozone Monitoring Instrument (OMI; Levelt et al., 2006a, b) on-board Earth Observing System (EOS) Aura (Schoeberl et al., 2006) satellite was launched in 2004. Currently, two algorithms are used to retrieve ozone profiles from the OMI measurements: the operational OMO3PR retrieval developed at KNMI (Kroon et al., 2011 ) and a scientific algorithm developed at NASA (Liu et al., 2010) . Both algorithms are based on the optimal estimation retrieval technique (Rodgers, 2000) but they differ in the implementation. For example, the algorithms use different radiometric calibration, radiative transfer models, vertical grids and a priori covariance matrices. The OMO3PR retrieval provides global coverage on daily basis with a vertical resolution of 6-7 km. Kroon et al. (2011) validated the retrieved ozone profiles with several satellite products and balloon-borne ozonesondes. As the summary in Table 1 shows, OMO3PR retrievals were in agreement with the Microwave Limb Sounder (MLS; Waters et al., 2006) retrievals within ±10 % except for the Polar regions during the ozone hole seasons where differences up to ±30 % were found. In addition, the comparisons with MLS and other correlative data sets showed that the biases vary with altitude. Furthermore, they found that OMI overestimates tropospheric ozone abundances from 0 to 30 %, when compared with MLS, the Tropospheric Emission Spectrometer (TES; Beer et al., 2001 ) and ozonesondes.
In this work, we studied how different assumptions in the OMO3PR retrieval affect the results and searched for possibilities to improve the accuracy of the retrieval in the troposphere. We concentrated on the a priori information: ozone climatology and the corresponding a priori covariance matrix, wavelength dependency of surface albedo, and stray light correction. In addition to a priori assumptions the retrieval is also affected by a number of other things, e.g. correction for rotational Raman scattering in the L1B reflectance data and cloud properties obtained from longer wavelengths. However, we limited this work to parameters that could be modified within the OMO3PR algorithm. First, we tested how sensitive the algorithm is to these a priori assumptions. Then, we implemented those a priori assumptions which appeared to improve the algorithm's performance in the troposphere. Finally, we evaluated the modifications done to the algorithm with two case studies. In the first case study, we compared the operational and the modified retrievals of tropospheric ozone over Europe to the results presented in the paper by Eremenko et al. (2008) . In their work, Eremenko et al. (2008) used ozone profiles retrieved with an analytical altitude-dependent regularization method from the Infrared Atmospheric Sounding Interferometer (IASI; Clerbaux et al., 2009 ) data. IASI ozone profiles have been thoroughly validated for example by Keim et al. (2009) and Dufour et al. (2012) . In the second case study, we compared the operational and modified ozone profiles against ozonesonde data from North America for AugustSeptember 2006. The ozonesonde data were downloaded from the World Ozone and Ultraviolet Radiation Data Center (WOUDC, www.woudc.org).
The main goal of this study is to examine if an UV instrument such as OMI could be used to retrieve tropospheric ozone abundance which has a significant effect on air quality.
OMO3PR algorithm
OMI is an instrument on-board the NASA Earth Observing System (EOS) Aura satellite. It is a nadir viewing, ultraviolet-visible (270-500 nm) imaging spectrometer, which provides daily global coverage with high spatial and spectral resolution (Levelt et al., 2006a, b) . It has been measuring since 2004.
A detailed description of the operational OMI ozone profile algorithm (OMO3PR) is given by Kroon et al. (2011) . Briefly, the retrieval exploits the information provided by the strong decrease in the ozone absorption cross-section between wavelengths of 270 and 330 nm. The radiation at the longer wavelengths traverses the whole atmosphere while the shortest wavelengths are only affected by the highest layers of the atmosphere. Therefore, spectral information of UV radiation can provide information on the vertical distribution of ozone. The measurements are taken from the UV1 channel (270.0-308.5 nm) and the first part of the UV2 channel (311.5-330.0 nm). The retrieval algorithm uses optimal estimation (Rodgers, 2000;  termed maximum a posteriori method in the book), where the difference between the measured and modelled sun-normalized radiance is minimized iteratively by adjusting the amount of ozone in 18 atmospheric layers. This method requires a priori information on ozone profiles and other parameters like the surface albedo in order to constrain the retrievals. The OMO3PR retrieval uses the LLM ozone climatology (McPeters et al., 2007) , which varies with month and latitude. The a priori ozone profiles are given constant relative variability of 20 % except for ozone hole conditions. Ozone hole conditions are assumed to occur between August and December at latitudes south of 50 • S. Kroon et al. (2011) . The instruments used in the study are the Microwave Limb Sounder (MLS), the Tropospheric Emission Spectrometer (TES), the Stratospheric Aerosol and Gas Experiment (SAGE II; McCormick et al., 1989) , the Halogen Occultation Experiment (HALOE; Russell III et al., 1993) , the Optical Spectrograph and Infrared Imager System (OSIRIS; Llewellyn et al., 2004) , the Global Ozone Monitoring by the Occultation of Stars (GOMOS; Bertaux et al., 2010) There, the variability is 60 % for altitudes between 21 and 50 km, and 30 % for the other altitudes. These settings are ad hoc assumptions and, therefore, not necessarily the best possible a priori knowledge in the sense of information theory. Thus it is worthwhile to test what can be achieved by changing these assumptions towards a climatologically valid a priori. The vertical correlation length of ozone is an a priori constraint and it is set to 6 km. To ensure that the retrieved ozone volume mixing ratios are positive, the algorithm operates with logarithm of the volume mixing ratio for each layer.
The surface albedo is also fitted in the retrieval and the OMI surface albedo climatology (Kleipool et al., 2008 ) is used as an initial value for the surface underneath the atmosphere. If the cloud fraction taken from the dedicated OMI cloud product (OMCLDO2; Acarreta et al., 2004 ) is lower than 0.2, surface albedos are fitted. Otherwise, cloud albedo values are fitted. The wavelength dependence of the albedo in both UV1 and UV2 channels is described with a secondorder polynomial. Surface albedo is fitted for all wavelengths (although the shortest ones do not "see" the surface due to ozone absorption in the atmosphere) to partly account for the presence of aerosols which are not known or modelled specifically in the retrieval. Clouds are taken into account with a simple Lambertian cloud model. The vertical location (cloud pressure) and the effective cloud fraction are taken from the OMCLDO2 product and a fixed a priori albedo is used.
Stray light refers to light of other wavelengths that is scattered by the imperfect OMI optics onto the CCD detector and is registered at wrong wavelengths. This effect is more pronounced in the UV1 channel than in the UV2 channel because the detected radiances at the shorter wavelengths are smaller and, therefore, small amounts of radiance from other wavelengths can have a large effect on the measured signals. The shortest wavelengths are reflected only from the highest altitude layers in the atmosphere -thus, stray light has the largest effect on the retrieval of ozone at these altitudes. Hardly any stray light is expected at longer wavelengths but it can be several percent at short wavelengths, depending in part on the amount of clouds in the pixel considered. Roughly 10 % stray light at 270 nm corresponds to 1 % stray light at 300 nm and 0.03 % or less at 330 nm, assuming wavelengthindependent additive stray light. This is due to the design of the OMI instrument. For the tropospheric ozone retrieval the main source of information is the wavelength range 320-330 nm -thus, stray light does not affect the retrieval significantly. Dobber et al. (2006) have provided a detailed description of stray light features in the OMI instrument. Regarding the ozone profile retrieval, correction for stray light is done in two steps. The first correction is done during the production of the L1B spectra (OML1BRUG; van der . In this correction, specific wavelength ranges are used to define so-called source and target regions. For the source regions averaged signals are calculated using the information over the whole swath. Then, these signals are multiplied by a polynomial that distributes the stray light over the target regions. Finally, the signals are subtracted from all the pixels in the corresponding target areas. The second stray light correction is part of the optimal estimation in the OMO3PR algorithm. There, stray light is described with second-order polynomials for both UV channels separately.
The surface is modelled using a Lambertian reflector: bidirectional reflectance properties are ignored. In view of the large amount of Rayleigh scattering in the atmosphere at UV wavelengths, specific bi-directional surface reflectance properties cannot be observed above the atmosphere (scattering washes the bi-directional properties out). Only the average reflectance properties (averaged over the bidirectional properties) affect the light arriving at the sensor. Therefore, we expect that a Lambertian surface is a good model for the surface reflectance. Furthermore, we can distinguish between instrumental stray light which contains no spectral features due to ozone absorption and radiance that has been reflected by the surface which does contain spectral features due to ozone absorption. This makes it possible to fit stray light and surface albedo separately. Table 2 summarizes the above-mentioned information. It presents the content of the optimal estimation state vector used in the OMO3PR retrieval. The state vector contains the ozone profile represented with 18 layers and six values for both surface albedo and stray light. In the operational retrieval, the effect of NO 2 , SO 2 and aerosols are not considered. In addition to the actual ozone product, the OMO3PR algorithm produces diagnostic quantities, like posterior error and averaging kernel, that can be used to evaluate the retrieval. Table 3 presents the layers and the corresponding pressures used in the retrieval.
Sensitivity studies

Stray light
To study the sensitivity of the retrieval to the stray light corrections we turned off the two corrections separately and at the same time and processed an orbit (18 October 2005, orbit 06704, 1496 × 30 pixels) with all these different setups of the algorithm. Then, we studied how the retrieved ozone profiles changed on average and in six different latitude bands. Regarding the aim of this work, we concentrated on the effects in the troposphere. Figure 1 presents the difference between the operational and modified ozone profile retrievals for the whole orbit. The error bars in the plot represent the standard deviation of the difference for each layer. Figure 1a shows that the differences between the operational retrieval and the retrieval without stray light corrections are large and oscillating, 10-20 % on average. Moreover, the number of converged retrievals dropped dramatically, from 40 000 to about 13 000 in the studied orbit (06704). This confirms that stray light correction is essential for the convergence of the algorithm. The ozone changes implied by the different stray light schemes seem to reduce the discrepancies between the operational OMI retrieval and MLS results as presented by Kroon et al. (2011) in some but not all latitude bands. Even though the signs of the changes in the ozone amounts seem to reduce oscillation in the difference between the instruments at some latitude bands, the retrieval without stray light correc- Figure 1 . Effect of stray light corrections. Change in the ozone profiles when the retrieval has no stray light correction (a), only L1 correction (b), and only L2 correction (c), compared to the operational algorithm which includes both types of correction. Error bars show the standard deviation of the difference; mod and ope refer to the modified and operational versions of the algorithm, respectively. tion could change the results too much and turn underestimated retrievals into overestimated and vice versa.
Turning off the Level 1 (L1) stray light correction while doing the Level 2 (L2) correction caused only minor changes in the ozone profiles, as can be seen from Fig. 1c . As the plot shows, the systematic changes are small at higher altitudes and almost nonexistent in the troposphere. Moreover, the usage of the L2 stray light correction reduces the variability at all altitudes as can be seen by comparing the error bars from plot 1c with 1a and 1b. The large variations at the lowest altitudes are caused by cloud-free retrievals (cloud fraction < 0.1) where the retrievals without complete stray light correction produce over 10 times larger ozone amounts than the operational retrieval.
Turning off the L2 stray light correction affected the ozone profiles mainly in the stratosphere, as Fig. 1b shows. For some layers, the changes can be up to 20 % but on average they stay below 10 %. In the troposphere, the average difference is well below 10 %. When comparing these values with the validation results shown in Table 1 , it is evident that the effect of stray light correction is too small to explain completely the systematic differences between the OMI and other ozone profile retrievals. Moreover, the retrieval of tropospheric ozone profiles is not that sensitive to stray light, thus, its correction is accurate enough for these layers.
Surface albedo parameterization
As mentioned in Sect. 2, the operational version of the retrieval algorithm uses second-order polynomials to describe the dependency of surface albedo on wavelength at both UV1 and UV2 channels separately. To study the sensitivity of the retrieval to this assumption we varied the wavelength dependencies of the albedos. We tested constant, first-order (linear) and second-order polynomials for both channels separately. We processed all the pixels from one orbit (06704, 1496 × 30 pixels) and studied how the ozone profiles change when compared to the operational product on average and in six different latitude bands. In the comparison, we concentrated on tropospheric features. To our knowledge, there is no applicable surface albedo database for these wavelengths which could be used to select the most physical representation for the wavelength dependency. Therefore, we decided to concentrate on the configuration that provided the largest decrease in the tropospheric ozone: we wanted to test the hypothesis that the known high bias of OMI tropospheric ozone could be a consequence of an inappropriate parameterization of surface albedo. Kroon et al. (2011) had shown that OMI ozone values were consistently larger than TES or ozonesonde values in the troposphere, and the amount of overestimation varied from a few percent to at least 30 % depending on the latitude band. Figure 2 presents comparisons of two modified albedo parameterizations against the operational retrieval for the whole orbit. Other parameterizations were also tested but we show here only the most suitable ones. The largest decrease in tropospheric ozone was found by using a second-order polynomial at UV1 channel and a constant value at UV2 channel ( Fig. 2b) . The largest decrease in ozone levels were found (over 20 % on average) in the Arctic and in the southern mid latitudes but the changes were small near the equator (see Supplement Fig. S1b ). If a first-order polynomial (linear fit) was used for the surface albedo at both channels, the amount of tropospheric ozone increased up to 10 % on average, as Fig. 2a shows. However, this modification can also decrease ozone amounts at some latitudes but mainly it increases them as the averaged profile implies (see Fig. S1a ). Therefore, this setup was not considered usable for our purposes.
A priori information
To constrain the retrievals, the OMO3PR algorithm uses climatological ozone profiles (LLM; McPeters et al., 2007) as a priori information. In addition to the profiles themselves, a priori information on the variability of ozone at each layer is used. Recently, two new ozone climatologies became available: McPeters and Labow (2012) (henceforth ML), and Sofieva et al. (2014) (henceforth TpO3).
The ML climatology is formed by combining ozone soundings and MLS data. The climatology consists of monthly average ozone profiles and standard deviation for 10 • latitude zones with altitudes from 0 to 66 km. A more detailed description of the climatology is given by McPeters and Labow (2012) .
The TpO3 climatology is based on a combination of ozone soundings and SAGE II (McCormick et al., 1989 ) satellite data. Mean ozone profiles and standard deviations are given for 10 • latitude zones and for each month. The ozone mixing ratio profiles are presented on a 1 km vertical grid. In addition, the profiles are grouped for tropopause heights in 1 km intervals. This is an important addition because variation in the tropopause height is the main driver for the variability in climatological ozone values in the upper troposphere and lower stratosphere (Sofieva et al., 2014) . This variability increases the a priori variability in this altitude range. The tropopause heights have values between 6 and 17 km but the number and altitude of the tropopause heights vary for different latitude bands and months. In order to have constant dimensions for the a priori ozone look-up table in the OMO3PR algorithm, all latitude and month cases were assigned to 12 tropopause heights. The tropopause height was calculated in the retrieval algorithm using temperature profiles from ECMWF data following the guidelines given by Sofieva et al. (2014) . If a calculated tropopause height was outside the range of the climatological tropopause heights, the nearest climatological value was assigned for it or an average of the two closest ones was used.
In order to test how the usage of these climatologies affect the ozone retrievals, we processed two orbits (18 October 2005, orbits 06702 and 06704) using all three climatologies. For the evaluation, every 10th measurement and 10 pixels for each measurement from the middle of the swath were taken into account. In the comparisons we used the new climatologies with the operational a priori covariance matrix (20 % variability, except for ozone hole conditions) and with a priori covariance matrices calculated from the variability values given in the climatologies. Here the diagonal values on the retrieval grid were obtained using interpolation. Next, a correlation length of 6 km was used to calculate the nondiagonal elements of the a priori covariance matrix.
ML climatology
In the first comparison, we only changed the average ozone profiles and used the operational a priori covariance matrix. This combination produced the largest differences at the highest altitudes when compared with the operational retrieval (Fig. 3a) . This was expected because when compared with the operational (LLM) climatology the largest changes between the climatologies are at the top of the profiles. In addition, the amount of ozone increases around 200 hPa.
In the second comparison, we replaced the operational a priori covariance matrix with a climatological one that was calculated from the variability values given in the climatology. For this case, as Fig. 3c shows, the highest altitudes do not change much. For most of the studied latitude bands the amount of tropospheric ozone is decreased close to the surface but increased higher up (see Fig. S2 ). At altitudes below 10 hPa the difference with the operational retrieval shows an oscillating behaviour that increases towards lower altitudes. This is caused by the larger a priori variability of ozone in the troposphere as can be seen from Fig. 4 , which presents the a priori variability and posterior errors for the retrievals with different ozone climatologies. In the stratosphere the ML a priori variability (Fig. 4 , green dashed line) is much smaller than the operational values but for pressure levels above 50 hPa the situation is the opposite. For the posterior errors (solid green line) the situation is similar. This can also be seen from Table 4 which presents the mean a priori variability and posterior errors for the different retrieval versions. The unweighted mean variabilities and errors are calculated for the whole profile and for the lower part of the atmosphere in order to highlight the change at the lowest altitudes. Regarding the values for the whole profile, the ML variabilities and errors are close to the operational ones. However, at the lowest altitudes ML values are significantly larger (a priori ∼ 60 % larger, posterior ∼ 35 % larger).
TpO3 climatology
For the first comparison with the TpO3 climatology, we used the operational a priori covariance matrix in both retrievals. As Fig. 3b shows, the largest differences are seen around 200 hPa, TropO3 giving smaller ozone values than the operational retrieval.
When the operational a priori covariance matrix was replaced with a climatological version, the differences in the retrieved ozone profiles grew larger, as Fig. 3d shows. The differences around 50 hPa are larger and the profile oscillates more. Furthermore, for most of the studied latitude bands the amount of tropospheric ozone is decreased, except for the S2b ). When comparing the results from the new climatologies with the operational one, it is important to notice that the new climatologies increase the amount of ozone in the troposphere on average, except when TpO3 is used with a climatological a priori covariance matrix.
Regarding the variability in the stratosphere, the TpO3 a priori variability (Fig. 4 , red dashed line) is much smaller than the operational values but for altitudes below 60 hPa the situation is the opposite. For posterior errors (solid red line) the situation is similar. As Table 4 shows, the variabilities and errors of TpO3 for the whole column are slightly smaller than the operational ones -however, at the lowest altitudes TpO3 values are significantly larger (a priori ∼ 50 % larger, posterior ∼ 25 % larger). Both climatologies (TpO3 and ML) cause similar peaks in the difference plots between 10-100 hPa when climatological a priori covariances are used (Fig. 3c, d ). This is caused by the similar uncertainty values in both climatologies for these altitudes. When compared with the ML variability, TpO3 variability is always smaller, except near the surface.
Visual comparison of difference profiles at different latitude bands with the OMI-MLS validation results presented by Kroon et al. (2011) indicates that the oscillating effects caused by the use of a climatological a priori covariance matrix might improve the agreement between MLS and OMI ozone profiles.
Based on these results, TpO3 appears as the most promising climatology for the improvement of tropospheric ozone retrievals. From the viewpoint of information theory it is justified to have a stronger constraint on stratospheric ozone and to allow more variation in tropospheric ozone because this corresponds better to our knowledge on ozone variability. As a next step, we tested how the albedo parameterizations combined with the TpO3 climatology (with operational a priori covariance matrix) affected the retrieved profiles. Figure 5 shows three comparisons with the operational retrieval: modified version with linear albedos at both channels (5a), con- stant albedo at UV2 channel (5b), or linear albedo at UV2 (5c). When compared with the results presented in Fig. 2 , the effect of albedo parameterizations changed slightly. With the operational climatology the largest decrease in tropospheric ozone was achieved by using a constant albedo in the UV2 channel, whereas with the TpO3 climatology the largest decrease was achieved with a linear albedo in the UV2 albedo, as can be seen from Fig. 5 .
Effect of modifications on averaging kernels and errors
In addition to the retrieved ozone profiles, the OMO3PR algorithm produces several diagnostic quantities that can be used to assess the retrievals. The averaging kernel is one of them. We compared averaging kernels from the different versions of the algorithm to study how the information content was distributed in the retrieved profiles. The degrees of freedom for a retrieval can be calculated as a sum of the diagonal elements of the averaging kernel. For this comparison, we calculated mean averaging kernels from 34 pixels from a region with high tropospheric ozone values (45-55 • N, 20-30 • E) on 17 July 2007, in order to have sufficient signal also from the lowest altitudes. Figure 6a shows the mean averaging kernel for the operational retrieval. From this plot it is evident that the operational retrieval has very little information from the troposphere. When the a priori ozone profiles are taken from the TpO3 climatology, the averaging kernel is almost identical with the operational one, as Fig. 6b shows. Moreover, the usage of linear albedo in the UV2 channel (with TpO3 climatology) does not have an effect on the aver- aging kernels (Fig. 6c) . When the operational a priori covariance matrix is replaced by a climatological version (based on the variability values from the TpO3 climatology) the averaging kernels change significantly (Fig. 6d) . The information content increases in the troposphere and decreases at the highest levels. This is caused by the larger a priori variability values in the troposphere when compared with the operational retrieval which assumes 20 % variability there (see Fig. 4 ). The opposite holds true for the stratosphere. When a minimum value of 20 % is set to the variability in the climatological a priori covariance matrix, the averaging kernels change slightly (Fig. 6e) . The degrees of freedom in the troposphere decrease while the degrees of freedom in the stratosphere increase. Figure 6f is the same as Fig. 6e but with a minimum variability of 10 %. By comparing these two plots, it is clear that smaller a priori variability values in the stratosphere produce more degrees of freedom in the troposphere and less in the stratosphere. As a whole, Fig. 6 shows that the distribution of degrees of freedom for a retrieval depend mainly on the selection of the variability values used in the a priori covariance matrix. Above we discussed the effect of changes in the a priori covariance matrix on the degrees of freedom of the troposphere and stratosphere. Alternatively, one could discuss these changes in terms of changes in the vertical resolution of the retrieved profile, which provides essentially the same results. If the degrees of freedom of the troposphere increase, the vertical resolution in the troposphere will also increase. and with a climatological a priori covariance matrix and minimum of 10 % variability (TpO3_alb_covar_10) (f). Axis are the layer indices, 18 being the layer closest to the surface (the corresponding pressure levels are shown in Table 3 ).
Similarly, if the degrees of freedom of the troposphere decrease, the vertical resolution will also decrease.
In addition to the degrees of freedom, it is interesting to consider how these different a priori assumptions affect the a priori variability and posterior errors. Figure 7 presents the variabilities and errors for the discussed versions of the retrieval (dashed lines for a priori variability and solid lines for posterior errors). Figure 7a shows the variabilities and errors for the operational retrieval and for two versions with TpO3 climatology. The first version (TpO3) has the same albedo assumptions as the operational retrieval while for the second one (TpO3_alb) a linear albedo is assumed in the UV2 channel. As the dashed lines show, all the retrievals have the same a priori variabilities. The usage of the TpO3 climatology produces slightly smaller posterior errors than the operational version at some altitudes and the modified albedo only has a minor effect at the lowest altitude. Figure 7b shows the variabilities and errors for the retrieval versions with the TpO3 climatology, modified albedo and climatological a priori covariance matrix. For the first version (TpO3_alb_covar), the a priori variabilities are taken directly from the climatological variability values, thus they are small in the stratosphere. For the two other versions, minimum a priori variabilities were assumed to be either 10 % (TpO3_alb_covar_10) or 20 % (TpO3_ alb_ covar_20). The minimum a priori variability of 20 % was used in this analysis because it is also used in the operational retrieval, whereas the 10 % variability rep- resents the average variability in the stratosphere calculated from the ML and TpO3 climatologies. Constant relative variability values are used in the algorithm to avoid propagating unphysical structures arising from the climatological uncertainties. As the plot shows, posterior errors are significantly different for these versions. In the troposphere, the posterior errors are larger than for the retrievals with the operational a priori variability. In the stratosphere, smaller a priori variabilities produce smaller posterior errors which is to be expected. Although the errors look significantly different for the retrievals with operational and climatological a priori covariance matrices, the relative change between the a priori variability and posterior errors stay in the same range for all the versions, especially in the troposphere. In the stratosphere, the operational a priori covariance matrix produces slightly larger reduction in the uncertainty. Based on these results it seems that all the retrieval versions are as effective in reducing the uncertainty and that the posterior error values depend mostly on the assumed a priori variability. This means that posterior errors are not a useful metric for comparing the performance of different retrieval algorithms.
We also studied how the quality of the fit was affected by the different versions of the algorithm by comparing the root mean square errors of the fits (RMSE). For this, we used a data set over Europe (see Sect. 4.1 for more details). In principle, any modification that improves the fit in the Huggins band (320-360 nm) could be expected to improve the tropospheric ozone retrieval, since this part of the measurement contains the available information on tropospheric ozone. As the sun-normalized radiance is much larger at longer wavelengths the RMSE is representative for the fit in the Huggins band. The differences between averaged RMSE values for different retrievals were only about 0.01 % smaller on average -thus, basically the modification of the a priori assumptions does not affect the quality of the fit.
Based on the sensitivity tests discussed in this section and our aim to improve the accuracy of the OMO3PR retrievals in the troposphere, we decided to make the following modifications to the algorithm: (1) we replaced the LLM ozone climatology with the TpO3 climatology, (2) we replaced the operational a priori covariance matrix with a climatological version that is based on the variability from the TpO3 climatology (with min. 10 % standard deviation, separated tropoand stratosphere), and (3) we replaced the second-order polynomial for the albedo in the UV2 channel with a first-order polynomial. We use a block diagonal matrix with no covariances between the tropospheric and the stratospheric blocks, although, our sensitivity studies (not shown) did not show visible effects in ozone abundances caused by this modification. In addition, we updated the retrieval's vertical pressure grid to P i = 2 −i·1.37/2 · 1000 for i = 0, 18 which follows the principles presented by Liu et al. (2010) without changing the number of layers (see Table 3 ). We also tested how sensitive the retrieval is to the selection of the correlation length. The operational retrieval uses correlation length of 6 kmthus, we tested how the retrieved ozone abundances change if correlation lengths of 1, 3 or 12 km are used instead. Our comparisons showed that the dependence of the result on the chosen correlation length was generally small except for a correlation length of 1 km which led to excessive oscillations in the retrieved profiles. Based on these results we decided to use the correlation length used in the operational retrieval also in the modified algorithm. The correlation length was used for both the stratospheric and tropospheric blocks of the covariance matrix.
Evaluation of the modified algorithm
To evaluate the usefulness of our modifications and as a step towards validation of the modified retrieval setup, our tropospheric ozone retrievals were compared to two sets of independent measurements. In the first validation study, we compared our retrievals with the IASI results published by Eremenko et al. (2008) , and in the second study we compared the retrievals with ozonesondes over North America.
Case study Europe
The modified version of the algorithm uses a different pressure grid than the operational one, thus we had to interpolate the profiles in order to compare values for the exactly same altitude range. This was done by calculating a cumulative ozone profile in Dobson units from the sur-face to the top of the atmosphere. The cumulative profile at altitude z is the integral of the ozone density from surface to altitude z, transformed into Dobson units. Then, the cumulative profile could be interpolated without changing the total ozone amount in the column. Finally, the tropospheric ozone abundance was taken from the 400 hPa level which corresponds to the altitude of 6 km used in the analysis by Eremenko et al. (2008) . For the comparison, we calculated the ozone profiles first in Dobson units from the cumulative profile and then transferred the layer values into mixing ratios with the following equation: vmr = dobs / (pres bottom − pres top ) · 1.26720 × 10 −6 , where dobs is the ozone abundance of a layer in Dobson units, pres bottom is the pressure at the bottom of the layer, and pres top is the pressure at the top of the layer. The constant is required to transfer the Dobson units into volume mixing ratios.
Eremenko et al. (2008) Before comparing the modified OMO3PR retrievals with the IASI results, we studied how the modifications of the algorithm affected the spatial distribution of tropospheric ozone for this day. For the total ozone columns the changes were smaller than 0.1 %. Figure 8 shows the difference between the operational retrieval and the modified versions in percent. The averaged values for the studied region are given in Table 4 . The usage of the TpO3 climatology (Fig. 8a) decreases the amount of tropospheric ozone at Bay of Biscay (42-48 • N, 10 • W-0 • E) and increases it in eastern Europe (42-60 • N, 20-30 • E). However, on average the change is only 0.6 %. The usage of a linear albedo at the UV2 channel does not have as large an effect as the climatology on the spatial distribution of ozone (Fig. 8b) . However, decrease in ozone abundance can be seen in northern Europe (above 54 • N) and on average, the decrease is 4.7 %. The changes are mainly connected to cloud cover (see Fig. S4 ). When cloud cover (Fig. S4) is compared with the tropospheric ozone differences (Fig. 8b) it is clear that the modified albedo has the largest effect on partly cloudy pixels. The usage of a climatological a priori covariance matrix with a minimum variability of 10 % (Fig. 11c) decreased the retrieved amount of tropospheric ozone everywhere (11.3 % on average). These results highlight the fact that changes in the tropospheric ozone abundances caused by one modification can be cancelled out by another modification. The squared structures in Fig. 8 originate from the calculated tropopause heights. The heights are calculated with 1 km vertical resolution from Table 4. ECMWF data which have a spatial resolution of 1 × 1 • . The coarse vertical resolution combined with the spatial resolution of the ECMWF data causes large areas to have the same tropopause height and the transition from one a priori profile to another can cause artificial structures that are visible in the difference plots. To check how dependent the retrieved tropospheric ozone abundances are on the selection of the tropopause height we studied the averaged tropospheric ozone values as a function of tropopause height from the operational, modified (Trop_alb_covar_10) and IASI retrievals (not shown). The variability of ozone within 1 km height bins was large while the differences between the heights were smaller. This indicates that the selection of the tropopause height does not constrain the retrieval of tropospheric ozone too much and that it does not mask the natural variability of tropospheric ozone. As a next step, we compared all the OMI retrieval versions to the IASI retrieval for the same day, as presented in Fig. 9 and in Table 5 . First, we did the comparison with the operational retrieval (Fig. 9a) (Fig. 9b) improves the correspondence in western Europe while changing the small underestimation in eastern Europe into a slight overestimation, thus, the new climatology did not improve the agreement for the highest Atmos. Meas. Tech., 8, 671-687, 2015 www.atmos-meas-tech.net/8/671/2015/ ozone values in eastern Europe. Then, we changed the albedo assumptions so that a linear albedo, instead of a second-order polynomial, was used in the UV2 channel (Fig. 9c) . Based on the plot, this modification does not clearly improve the agreement, although the averaged values in Table 5 indicate some improvement (from overestimation of 23 to 19 %). As a last step, we replaced the a priori covariance matrix with the climatological version (Fig. 9d) . The usage of the new a priori covariance matrix clearly improves the agreement with IASI all over Europe (overestimation down to 12 %) except for the highest ozone values in eastern Europe. This implies that the better correspondence with IASI was achieved by decreasing ozone abundances in regions with low ozone values and that the OMO3PR retrieval is not able to capture the high ozone values quite as well as IASI even after a number of modifications.
We also compared the absolute tropospheric ozone abundances from two versions of the OMO3PR algorithm with IASI (see Fig. S3 ). The operational version does not match the IASI results at all, whereas the modified version (Trop_alb_covar_10) is able to capture the ozone plume in eastern Europe (48-56 • N, 20-30 • E) better. Nevertheless, as Fig. 9d showed, the differences are still quite large there. One reason for this is probably the time difference between the measurements. The IASI measurements are taken around 09:30 local time whereas OMI measures around 13:30 local time. This means that due to the diurnal cycle of ozone it is expected that there would be more ozone in the troposphere during the OMI overpass. This could partly explain the higher tropospheric ozone amounts in the OMI retrievals. However, the photochemical production of ozone that causes the diurnal cycle takes place near the ground level and neither OMI nor IASI are sensitive there. Regarding the sensitivity of the instruments, the altitudes of maximum sensitivity of the OMI retrievals are always at the highest layer in the troposphere, while for the IASI retrievals the altitudes vary between 1 and 7 km.
Comparison of a priori ozone abundances in the troposphere (see Fig. S5 ) shows that the differences between the a priori values of the OMI retrievals are much smaller than between the retrieved ozone values (Fig. 9d) . Moreover, as Daily data averaged on 1 × 1 grid. Statistics of the differences are given in Table 4 .
the upper panels in Fig. 10 show, the IASI a priori ozone values are significantly lower than the ones used with the OMI retrievals. The IASI retrieval uses only the mid-latitude summer profile from the LLM climatology which explains the lower a priori values. This comparison indicates that the changes between the OMI retrievals in the troposphere are not governed by the a priori ozone values but that the systematic overestimation when compared with IASI retrievals can partly be caused by the higher a priori values. The lower panels in Fig. 10 show the comparisons between tropospheric ozone abundances from the OMI and IASI retrievals as scatter plots. Based on these plots, it is clear that the modified OMI retrievals (Trop_alb_covar_10) agree somewhat better with the IASI retrievals than the operational OMI. The R 2 value for the modified retrieval is 0.17 while for the operational retrieval it is almost zero (0.008). In addition, the fitted lines show that the offset of the modified retrieval is smaller and the slope is closer to one. These results indicate that the modified OMI retrieval is able to capture the tropospheric ozone patterns better than the operational retrieval.
Case study North America
The second case study was based on ozonesonde measurements over North America in August-September 2006. The ozonesonde data used in this evaluation and the agencies authoring the data are listed in Table 6 . The data were downloaded from the WOUDC on 2 June 2014. We used the following collocation criteria between the sonde and satellite measurements: only ECC sondes of types 6 and Z were considered, the minimum required sonde altitude before burst was 10.0 hPa, the maximum allowed time difference between the sonde launch and satellite overpass was 3 h, and the sonde launch site was required to be situated within a OMI ground pixel. For this case study, every 5th OMI measurement and all the pixels for each measurement were taken into account. The sonde profiles were converted to partial columns, and interpolated to the pressure grid used in the OMI retrieval. The interpolated sonde profile was then convolved with the OMI averaging kernel. The resulting sonde profiles were used to calculate the differences with the retrieved and a priori OMI profiles. Figure 11 presents the absolute and relative differences between the ozonesondes and two versions of the OMO3PR algorithm. Figure 11a and b show the relative and absolute differences for the operational OMO3PR retrieval, respectively, while Fig. 11c and d in Table 1 (ECC sondes at mid-latitude), it appears that the operational retrieval in our study agrees slightly better with ozonesondes. In Fig. 11 the lines with lighter shades of blue and red indicate the nonaveraging kernel convolved agreements with sondes. When compared with the convolved com- parisons (darker lines), the results look quite similar. This implies that the algorithms do not depend solely on a priori data. The differences for the a priori profiles are smoother than for the retrieved profiles which indicates that the cause for the oscillations is in the retrieval and not in the a priori data. As these plots show, the operational retrieval shifts the entire profile between the surface and 20 km whereas in the modified retrieval the vertical gradient is also changed. However, the profiles are shifted to the wrong direction. This indicates that there is a systematic error in the radiative transfer or instrumental model. This is in line with the fact that the effect is larger for the modified retrieval which has larger a priori variability in the troposphere. Figure 11 shows that the modification of the OMO3PR algorithm improves the agreement with ozonesondes at the lowest two layers and at altitudes above 20 km. In the upper troposphere/lower stratosphere (UTLS, 10-20 km) the operational retrieval performs better. The reason for this is the significantly larger climatological ozone values and a priori variability used in the modified algorithm at these altitudes. This is a disappointing result because the TpO3 climatology contains information on the tropopause height which was thought to improve the performance of the algorithm at these altitudes. However, due to the fact that the modified retrieval performs better than the operational retrieval outside the UTLS, the agreements with ozonesondes on average are as good for both retrievals. Before the modified retrieval can be considered for wider use it should be compared with ozonesondes in other regions and seasons to see if the problematic behaviour in the UTLS is a constant feature.
Another important feature in Fig. 11 is the width of the error bars that describe the standard deviation of the difference between the ozonesondes and the retrieved profiles. Clearly, the tropospheric error bars are shorter for the operational algorithm. There are two reasons for this: (1) by increasing the a priori variability of the ozone layers we improved the vertical resolution and the degrees of freedom for these layers but in turn, this also increased the retrieval's sensitivity to random and systematic errors in the measured radiances (Backus and Gilbert, 1970; Rodgers, 1990) , (2) the a priori ozone profiles used in the modified retrieval do not match the ozonesondes as well as the operational a priori and this variability is also visible in the retrieved profiles. Figure 12 presents the comparisons between tropospheric (up to 400 hPa) ozone abundances from two OMI algorithms and sonde data as scatter plots. In this comparison the sonde profiles were not convolved with the OMI averaging kernels and the OMI data were limited to clear sky cases (cloud frac- tion < 0.3) for a better comparability with the results presented in Fig. 10 . The upper panels show the comparison for the a priori data and the lower panels for the actual retrievals. As one can see from the upper plots, the a priori data in the modified (TpO3_ alb_ covar_10) version are slightly closer to the sonde values as the operational a priori data. The R 2 value is larger, the offset is slightly smaller and the slope is closer to one. For the retrievals (bottom plots) the situation does not change much. The difference in the offset is larger and the modified retrieval has a slightly smaller bias which was expected based on the results shown in Fig. 11 . It is also worth noticing that the offset for the operational a priori is smaller than for the operational retrieval while it is the opposite for the modified retrieval. The R 2 values are almost identical and this is also in line with the previous results which indicated that the variability in the modified retrieval is larger than in the operational retrieval. The comparison with sonde data shows smaller differences between the retrieval versions than the comparison with IASI data (Fig. 10) . There are several differences between the two data sets which might influence these comparisons. First of all, the IASI comparison is done for a single day with a distinct ozone pattern using gridded data where as the sonde comparison is based on a longer period but it is limited to only 15 locations. Secondly, there are fundamental differences in the IASI and sonde data sets. Sonde data are based on in situ measurements while the IASI data set is more similar with the OMI retrievals. Thus, not surprisingly, the evaluation results are highly dependent on the data set used in the evaluation.
We also did the scatter plot comparison using averaging kernel convoluted sonde data (see Fig. S6 ). This comparison produced clearly better statistics (R 2 , offset, slope) for the operational retrieval than for the modified retrieval. However, this does not mean that the modified retrieval is not as good as the operational retrieval. This just shows that the operational retrieval is not sensitive in the troposphere and it mainly uses a priori information there. The averaging kernel convolution rejects the sounding information for which the satellite measurement is not sensitive and replaces it with the a priori information. Therefore, when concentrating on altitudes where OMI is not that sensitive we are not comparing retrievals with sonde data but also with a priori data. The statistics for the modified retrieval do not change that much between these two comparisons which means that the modified retrieval is more sensitive in the troposphere than the operational retrieval. Figure 13 presents the profiles of the averaging kernels for the operational and modified (TpO3_alb_covar_10) versions of the algorithm. It is clear that the modified algorithm has larger degrees of freedom than the operational retrieval below 20 km. Between 20 and 40 km the degrees of freedom are slightly smaller for the modified version while they are in the same range for the altitudes between 40 and 60 km. At altitudes over 60 km, the modified algorithm has clearly Table 3 ).
smaller degrees of freedom. The tropospheric layers are affected by other layers located below 20 km in both versions of the algorithm. The averaging kernels are better behaved in the modified retrieval than the operational ones because they peak at the nominal altitudes (shown as spheres) which is not the case with the operational kernels. This indicates that the information for the tropospheric layers in the modified retrieval is mainly coming from the troposphere.
We also studied the covariance matrices of the two retrievals. Covariances are dependent on the errors, and thus it is difficult to compare covariance matrices from different retrievals. Therefore we transformed the covariance matrices to correlation matrices according to the following equation: corr(i, j ) = covar(i, j ) / ( √ covar(i, i)· √ covar(j, j )). In other words, correlation is the covariance divided by the square root of the covariance matrix diagonal. Figure 14 presents the correlation matrices for the operational and modified (TpO3_alb_covar_10) versions of the algorithm. As the figure shows, the operational version has a larger correlation in the troposphere than the modified version. This makes it harder for the operational algorithm to adjust the ozone concentration in individual layers, but the shape of the profile in the troposphere can be adjusted as a whole (as was seen in Fig. 11 ). In the stratosphere the correlations are similar for both retrievals except for the two highest layers which are more correlated in the modified retrieval. Figure 14 also shows that layers close to the surface (layers with indices 14-16) are anticorrelated with layers around 20 km (indices 11-13). This explains why the overestimation around 20 km was enhanced in the modified retrieval. The modified retrieval setup decreased the overestimation at the surface but it did not change the total column of ozone. Consequently, due to the anticorrelation for the ozone layers around 20 km and due to the fact that OMI has very little sensitivity for ozone around 20 km, the retrieval tends to increase the amount of ozone at these altitudes.
Conclusions
In order to find ways to improve the retrieval of tropospheric ozone from OMI measurements, we assessed the sensitivity of the OMO3PR algorithm to several a priori and radiative transfer assumptions. The studied assumptions were: stray light correction, surface albedo parameterization and a priori ozone climatologies. We found that stray light correction
